Abstract
We have traditionally viewed ischemic heart disease in a cardiocentric manner: plaques grow in arteries until they block blood flow, causing acute coronary and other ischemic syndromes. Recent research provides new insight into the integrative biology of inflammation as it contributes to ischemic cardiovascular disease. These results have revealed hitherto unsuspected inflammatory signaling networks at work in these disorders that link the brain, autonomic nervous system, bone marrow, and spleen to the atherosclerotic plaque and to the infarcting myocardium. A burgeoning clinical literature indicates that such inflammatory networks-far from a mere laboratory curiosity-operate in our patients and can influence aspects of ischemic cardiovascular disease that determine decisively clinical outcomes. These new findings enlarge the circle of the traditional "cardiovascular continuum" beyond the heart and vessels to include the nervous system, the spleen, and the bone marrow. 
Leukocyte functions in atherosclerosis
Several decades of accumulated experimental and clinical evidence have brought inflammation to the fore as a common mechanism that links traditional and emerging risk factors to altered behavior of arterial wall cells, and accumulation and activation of leukocytes within arterial lesions (Table 1) . Moreover, we appreciate increasingly the contribution of inflammation and leukocytes to many myocardial diseases (1) . Although many gaps remain, our knowledge has progressed to the point where we can begin to gain insight into the integrative biology of inflammation as it contributes to ischemic cardiovascular disease. This review summarizes the experimental evidence that has disclosed a hitherto unsuspected inflammatory signaling network at work in these disorders that links the brain, bone marrow, spleen, the atherosclerotic plaque, and the infarcting myocardium. It will also discuss the burgeoning clinical literature suggesting that such inflammatory networks-far from a mere laboratory curiosity-actually operate in our patients and can influence aspects of ischemic cardiovascular disease that determine decisively clinical outcomes.
The study of inflammation biology in cardiovascular disease has focused a great deal on protein mediators, such as cytokines and chemokines, or on small molecules, such as the prostaglandins and reactive oxygen or nitrogen species. This review will deal in greater detail with the cellular protagonists in inflammation: leukocytes, the bulwark of host defenses and the sources for many of the protein and lipid mediators implicated in cardiovascular diseases. These cellular citizens not only orchestrate innate immunity, but serve as messengers that link organ systems implicated in novel inflammatory networks revealed in recent investigations. Descriptions of leukocyte recruitment to nascent plaques have generally considered monocytes as a homogenous population. We now appreciate a much more interesting and complex picture of the population of mononuclear phagocytes in atherosclerotic plaques. We postulated the heterogeneity of mononuclear phagocytes in the atherosclerotic plaque in the 1990s on the basis of varied expression of scavenger receptors and markers of inflammatory activation, such as Class II major histocompatibility antigens in plaque macrophages (8) . Only more recently have we come to appreciate the role of differential accumulation of various macrophage subsets to the artery wall as one mechanism of this heterogeneity (9, 10) . Moreover, even before the initiation of atherogenesis, the artery wall contains a population of "resident" mononuclear phagocytes, including dendritic cells (11, 12) .
Much of our recent knowledge of the generation of heterogeneity of mononuclear phagocytes during atherogenesis derives from studies on genetically modified mice.
Observations in humans have begun to support the relevance of the concepts that have emerged from the study of experimental atheromata to humans. During hypercholesterolemia in mice, a proinflammatory subset of monocytes, marked by high levels of the surface protein Ly6c, accumulate in the peripheral blood. Nascent atherosclerotic plaques selectively recruit these proinflammatory monocytes, primarily mediated by macrophage chemoattractant protein-1 (MCP-1) interacting with its receptor, CC chemokine receptor (CCR)-2 ( Figure 1 , left side).
These cells take up residence in the artery wall where they can elaborate proinflammatory mediators that amplify and sustain inflammation within the early plaque. Mononuclear phagocytes within plaques can replicate in situ.
Whereas the accumulation of these cells in early plaques appears to result from heightened recruitment, their replication predominates as a mechanism underlying their increased number in established plaques (13) . The replication of mononuclear phagocytes within the atheroma depends on hematopoietic growth factors, including macrophage colonystimulating factor (M-CSF/CSF-1) (14) . We localized M-CSF and granulocyte-macrophage colony-stimulating factor (GM-CSF) to human and experimental atherosclerotic plaques (15) (16) (17) .
We also found that M-CSF stimulated scavenger receptor expression on these cells and promoted their maturation into macrophages (15 Death of mononuclear phagocytes also occurs in atheromata (25) . These cells can perish due to "accidental cell death" (oncosis, often erroneously referred to as "necrosis") (26) . They also often die by apoptosis (25, 27) . Dying macrophages can release microparticles that contain the procoagulant tissue factor. They also elaborate proinflammatory cytokines, such as interleukin-1-alpha (IL-1α). Dying macrophages might also provide a nidus for microcalcifications. Such calcific foci may lead to biomechanical inhomogeneities postulated to favor plaque rupture (28) .
Other mononuclear phagocytes usually rapidly engulf dead or dying cells and ferry them from the plaque, a process known as efferocytosis. We noted in the 1990s that, on the basis of arithmetic considerations, clearance of dead cells from plaques appeared impaired (25) . Tabas et al. popularized the concept of defective efferocytosis of phagocytes within atheromatous plaques (5, 29) . They studied the underlying mechanisms that regulate efferocytosis within the plaque, which likely contribute to the formation of a lipid-rich "necrotic" core (30) . 
Integrative Pathophysiology of Inflammation in Ischemic Heart Disease
The foregoing sections have emphasized the mechanisms of local inflammatory responses mediated by leukocyte subclasses in the atherosclerotic plaque itself and in the myocardium. Recent work has also shed new light on crosstalk between inflammation in various regions and systemic inflammatory responses. In the early days of exploring the molecular bases of inflammatory signaling in atherosclerosis, we proposed the hypothesis that systemic inflammation could elicit an "echo" in the prepared soil of the atherosclerotic plaque. Soon after its purification and cloning, we found that the prototypical proinflammatory cytokine, IL-1, could be induced in the artery wall by systemic administration of Gram-negative bacterial endotoxin (lipopolysaccharide) ( Figure 3A ) (53) . In the late 1980s, we chose this stimulus as a powerful proinflammatory trigger for activation of inflammatory functions. We further found that rabbit arteries affected by atherosclerosis displayed an accentuated response to intravenous endotoxin, as gauged by a substantial overproduction of IL-1 isoforms (53). Indeed, arteries with greater degrees of atherosclerosis showed increasing amounts of proinflammatory cytokine expression ( Figure 3B ) (54) .
At the time, we considered bacterial endotoxin injection an experimental artifice that we employed to explore the hypothesis that a systemic inflammatory stimulus could evoke a local inflammatory response. Yet, with greater appreciation of the importance of the intestinal microbiome and potential defects in the barrier function of the intestinal epithelium, we now recognize that low-level leakage of bacterial products may pertain to human pathophysiology much more than we appreciated when we performed these early experiments ( Recent work has considerably expanded this notion by exploring the hypothesis that acute local inflammation in the myocardium could augment local inflammation in atherosclerotic plaques. Indeed, after coronary artery ligation, atherosclerotic lesions in mice show augmented protease activity (58) . Thinning of the fibrous cap and increase in the lipid core of pre-existing atherosclerotic plaques also follows coronary ligation. These features of plaques associate with a greater propensity to rupture and provoke thrombotic events. These experimental observations may explain, in part, the high rate of early recurrence of ischemic events in patients following an
ACS.
An increase in recruitment of leukocytes to pre-existing atherosclerotic plaque occurs Sites of tissue injury and ischemic damage beyond the myocardium can elicit an "echo"
at the level of the atherosclerotic plaque and unleash a remote inflammatory response. For example, cerebral ischemia-reperfusion injury, produced in mice by transient middle cerebral artery occlusion, can activate both medullary and splenic myelopoiesis, and augment the leukocyte number and population of proinflammatory Ly6C high monocytes in atheromata (58, 62) .
Clinical Translation of Recent Advances in the Inflammation Biology of Atherosclerosis and Myocardial Infarction
Astute clinical observers have long noted that fever and leukocytosis, cardinal signs of inflammation, accompany acute myocardial infarction. Samuel A. Levine, a pioneer of contemporary cardiology, stated, "the extent of fever and leukocytosis probably depends on the amount of infarcted cardiac tissue involved." (63) . In 1929, he further stated, "infarcted tissue…probably liberates toxic products that produce leukocytosis and fever…The leukocyte count is apt to run hand in hand with the fever…The presence of a leukocytosis is one of the most constant findings in coronary thrombosis." Today we have a much better mechanistic understanding of the pathophysiological mechanisms that produce fever and leukocytosis.
Release of IL-1β from proinflammatory mononuclear phagocytes recruited to the infarct furnishes one of the "toxic products" hypothesized by Levine. Dying leukocytes release IL-1α, the other isoform of IL-1. IL-1, previously known as an "endogenous pyrogen," provides a major stimulus for fever and can augment the production of hematopoietic growth factors that stimulate leukopoiesis, both in the bone marrow and at extramedullary sites (60) .
Epidemiological observational studies have long shown greater risk of coronary events in people with higher circulating leukocyte counts at baseline. Increasing clinical data support the importance of mononuclear phagocyte heterogeneity in ischemic heart disease and atherosclerosis. Subjects followed in the Malmö cohort who had the highest tertile of CD14 ++ CD16 -monocytes had the lowest event-free survival during a 17-year follow-up period (64) .
Other studies have shown relationships between metrics of atherosclerosis and risk of cardiovascular events with the presence of circulating proinflammatory monocytes (65, 66) .
Supporting the involvement of adrenergic signaling in leukocyte biology in ischemic heart disease, patients undergoing ACS who were nonrandomly allocated to beta-blocker use before the ACS had significantly lower total leukocyte and monocyte counts than those who had never 
Conclusion and Clinical Consequences
The traditional "Cardiovascular Continuum" formulated by Dzau and Braunwald focused on the cycle that links arteries and the heart (76). The recent research recounted here has enlarged the circle of this continuum beyond the myocardium and blood vessels to embrace the nervous system, the spleen, and the bone marrow (Central Illustration). 
